Bone morphogenetic protein (BMP) signalling is necessary for both the development of the tail bud and for tail regeneration in Xenopus laevis tadpoles. Using a stable transgenic line in which expression of the soluble BMP inhibitor noggin is under the control of the temperature inducible hsp70 promoter, we have investigated the timing of the requirement for BMP signalling during tail regeneration. If noggin expression is induced followed by partial amputation of the tail, then wound closure and the formation of the neural ampulla occur normally but outgrowth of the regeneration bud is inhibited. Furthermore, we show that BMP signalling is also necessary for limb bud regeneration, which occurs in Xenopus tadpoles prior to differentiation. When noggin expression is induced, limb bud regeneration fails at an early stage and a stump is formed. The situation appears similar to the tail, with formation of the limb bud blastema occurring but renewed outgrowth inhibited. The transcriptional repressor Msx1, a direct target of BMP signalling with known roles in vertebrate appendage regeneration, fails to be re-expressed in both tail and limb in the presence of noggin. DNA labelling studies show that proliferation in the notochord and spinal cord of the tail, and of the blastema in the limb bud, is significantly inhibited by noggin induction, suggesting that in the context of these regenerating appendages BMP is mainly required, directly or indirectly, as a mitogenic factor.
Introduction
Bone morphogenetic proteins (BMPs) were first discovered for their ability to convert muscle tissue into bone and cartilage (Ulrist, 1965) . Since their discovery, BMPs have been implicated in numerous roles during embryogenesis and organogenesis, regulating processes as diverse and fundamental as regional specification and cell proliferation, differentiation, survival and death (Hogan, 1996) . There are now over 20 known members of the BMP family including the growth and differentiation factors (GDFs), forming a subset of the larger transforming growth factor b (TGFb) superfamily, and found across the animal kingdom from cnidarians to humans. BMPs and GDFs bind to their receptors as dimers, and are controlled by a range of external inhibitors including noggin, chordin and gremlin (Hsu et al., 1998; Piccolo et al., 1996; Zimmerman et al., 1996) . Noggin has been shown specifically to bind to BMP2 and -4 and, at lower affinity, also to BMP7. It antagonizes the action of these BMPs directly by blocking the interface of the binding epitopes for the type I and II receptor (Groppe et al., 2002) . Our own lab has shown that BMP signalling is intimately involved in both the development of the Xenopus tailbud and in the regeneration of the tadpole tail Beck and Slack, 1999) . During tail development, BMPs have two roles, which can be dissected experimentally by manipulating their genetic pathways. Development of the tail neural tube requires BMP-dependent activation of Notch signalling at the dorsal/ventral boundary of the tail tip. BMP may facilitate this by ensuring that Notch ligands and accessory factors such as lunatic fringe become appropriately expressed. BMP also appears to have a direct role, independent of Notch, in the formation of muscle tissue in the tail Slack, 1999, 2002) .
Amphibians have long been used in the study of regenerative processes, as they have an ability to regenerate limbs, tails, jaws and the lens of the eye. This ability is considered by many authors to be ancestral and to have been lost in other vertebrates, including humans (Sanchez Alvarado, 2000) . While regeneration shows many parallels with ontogeny, there are some different processes involved. Regeneration-competent wound healing is generally rapid and involves covering the wound surface with a specialised epidermis that lacks an underlying dermis and basement membrane (Neufeld et al., 1996; Tschumi, 1957) . Following wound healing, the differentiated cells of the stump must dedifferentiate and reenter the cell cycle, or else reserve stem cell populations must be mobilised and recruited to the wound site. Gene expression analyses in Xenopus have shown that subsequent regeneration involves the re-activation of various developmental signalling pathways Cannata et al., 2001; Christen et al., 2003; Christen and Slack, 1997; Matsuda et al., 2001; Sugiura et al., 2004; Tazaki et al., 2005; Yokoyama et al., 2000) . Despite many years of study, rather few gene function studies have been reported, with most focusing on the members of the fibroblast growth factor family (FGFs) (Bosco et al., 1997; Yokoyama et al., 2001) . In order to study the role of BMPs in regeneration we previously constructed an inducible transgene where the noggin coding sequence is under the control of the Xenopus hsp70 promoter . Tadpoles carrying this transgene develop normally until subjected to a brief heat shock, after which noggin expression is induced strongly in all cells. Using this and other similar transgenes in founder tadpoles, we demonstrated that BMP signalling is sufficient and necessary for tail regeneration .
In Xenopus tadpoles, the limb, unlike the tail, loses the ability to regenerate as it differentiates (Overton, 1963) . However, prior to differentiation, complete limbs can regenerate from a small remnant of the original limb bud mesoderm (Christen and Slack, 1998; Dent, 1962) . This depends on the formation of an apical epidermal cap (AEC) which directs formation of a mesenchymal blastema of proliferating Msx1-expressing cells that grows and differentiates to form the missing distal limb structures. This capacity to recover from such a severe loss of tissue is unique to amphibians. By contrast, in the chick embryo removal of the tip region, or even just the apical ectodermal ridge, causes permanent distal defects (Summerbell, 1974) . The capacity of the Xenopus limb bud to regenerate depends on the mesenchymal tissues. It is linked to timing of FGF10 expression and limited by the onset of skeletal differentiation (Wolfe et al., 2000; Yokoyama et al., 2000) . As in the case of tail regeneration, limb bud regeneration seems to depend on the reactivation of developmental genes and pathways Slack, 1997, 1998) . BMP signalling has been shown to be required for both dorsal-ventral and proximodistal axis patterning in the chick limb, and can direct the formation of ectopic AERs (Pizette et al., 2001) . While proximodistal patterning appears to use the same mechanisms in Xenopus, the dorsal ventral axis may be set up differently (Christen and Slack, 1998) .
Msx transcription factors, direct targets of BMP signalling, are intimately associated with regeneration in several systems. The key role of Msx1 appears to be in the inhibition of differentiation. Msx1 is expressed during regeneration in urodele limbs (Koshiba et al., 1998) , anuran tails and limb buds Yokoyama et al., 2000) , FGF-induced chick limb buds (Kostakopoulou et al., 1996) , fish fins (Murciano et al., 2002) , and mouse digit tips (Han et al., 2003; Reginelli et al., 1995) . In urodeles and mammals, Msx1 can induce differentiated, multinucleate myofibers to cellularise, forming actively dividing mononucleate cells in vitro (Kumar et al., 2004; Odelberg et al., 2000) . Correct regulation of Msx1 expression by BMPs and their inhibitors may therefore be critical for regeneration of appendages.
Here we use a transgenic line of Xenopus laevis hsp70-noggin tadpoles to advance understanding of the role of BMP in regeneration. A genetic line provides a higher degree of reproducibility than the founder tadpoles used previously. The tadpoles of a line are available in unlimited numbers and all have the same transgene, wheras every individual founder transgenic represents a different insertion site and copy number. Using this line, we show that the requirement for BMP signalling in tail regeneration is relatively late: at 24-48 hours after amputation. It is required for the re-expression of Msx1 and for cell proliferation, particularly in the notochord and spinal cord. In addition we use this line to show, for the first time, that BMP signalling is necessary for limb bud regeneration, specifically for the growth of the blastema.
Results

Normal expression of noggin and BMP in tails and limbs
BMP2 and -4 are expressed ventrally during tail bud initiation (Fainsod et al., 1994) , with noggin restricted to the organiser region, which later becomes the chordoneural hinge (Gont et al., 1993; Smith and Harland, 1992) . However, during outgrowth of the tail, expression of these BMPs becomes restricted to the fin (Fig. 1A) and noggin is expressed in a small region of posterior dorsal neural tube previously named the dorsal roof (Beck and Slack, 1998) no longer being seen in the chordoneural hinge (Fig. 1B) . During regeneration of the tail, BMP2 and noggin are re-expressed in equivalent domains, i.e. respectively the edge of the forming fin and the tip of the spinal cord ( Fig. 1C and D) . A previous study of localisation of phosphorylated smad1 suggests that BMP signalling is most active ventrally in the tailbud (Beck et al., 2001) , consistent with an involvement in the development of the mesodermal part of the tailbud, known as the posterior wall region (Gont et al., 1993; Tucker and Slack, 1995) . In terms of nomenclature, note that we call the regenerating region of the tail the ''regeneration bud'', and within this there is a region of undifferentiated mesenchymal tissue including mobilised fibroblasts and activated muscle satellite cells which is known as the ''blastema'' (Gargioli and Slack, 2004) .
Noggin and BMPs are expressed reciprocally in the distal limb mesenchyme, with noggin in the cartilage condensations that will form the digits and BMP2 and -4 in the apical epidermis and the interdigital mesenchyme . This is similar to the situation in the chick embryo (Francis et al., 1994; Pizette et al., 2001) . For limb bud regeneration we here use the term ''blastema'' to indicate the newly formed undifferentiated mesenchymal region of the regenerate.
Stable transgenic Xenopus lines
can be used to demonstrate a requirement for BMP signalling in limb and tail regeneration
We previously described the construction of a transgene, HGEM-noggin, in which the noggin coding sequence is placed under the control of the Xenopus hsp70 promoter and it is accompanied by GFP under the control of the lens specific c-crystallin promoter . The marker enables visual identification of transgenics because the lens of the eye fluoresces green. As the hsp70 promoter is inactive at normal tadpole and frog rearing temperatures, we were able to establish two stable lines from founder animals optimised for single insertion transgenesis. These were expanded for further study, and are called N1 and N2. Both lines have undergone separate single insertion events and are maintained as heterozygotes. The results described here were obtained with N1, but both lines show similar effects on limb and tail regeneration.
High levels of noggin can be expressed by exposing tadpoles to a brief heat shock at 34°C (Fig. 2A) . Heatshocked N1 tadpoles did not show any growth retardation or other general systemic effects. Following the heat shock, the transcript levels rise sharply then decline approximately exponentially over a number of days (Fig. 2B) . On the basis of the timing experiments presented below we believe that only the very highest level, seen on the first day after the heat shock, has a biological effect. For some experiments we used repeated daily heat shock treatments for up to seven days to maintain effective levels of noggin.
During Xenopus tadpole tail regeneration, the three main tissues of the tail regenerate independently: muscle from muscle satellite cells, the spinal cord from a terminal neural ampulla, and the notochord from terminal notochord sheath cells, and there is no metaplasia between tissue types (Chen et al., 2006; Gargioli and Slack, 2004) . Close study of amputated, regenerating tails over two weeks shows that, while noggin inhibits formation of replacement tail tissues, some early aspects of regeneration do still occur (Fig. 3) . As in wild type regeneration, undifferentiated cells accumulate ventrolaterally forming a blastema, and melanocytes congregate near the cut surface. The neural ampulla, a structure associated with the regenerating spinal cord, is initially formed, as is the bulletshaped mass of sheath-type cells which forms at the tip of the notochord in regenerating wild type tails, although both these are considerably smaller than usual (Figs. 3 I,J). In the heat shocked N1 tadpoles the fin seems to overgrow and to curl up forming a pocket (Fig. 3F ). After noggin induction is stopped the pocket of fin tissue disappears and the tail appears as a stump (Fig. 3H ). By this time the epidermis of the fin has healed over the cut edge and blood circulation through the tail veins has been reestablished. By contrast, in unheated N1 tadpoles, or in wild type siblings subjected to the same amputation and daily heat shock regime, a regeneration bud can be seen clearly as early as 2 days following amputation (Fig. 3C ). This expands and differentiates to generate a functional replacement tail by two weeks (Fig. 3G ).
It has not previously been possible to study limb regeneration in transgenic vertebrates. Using the N1 line, we have been able to demonstrate that, like tail regeneration, limb bud regeneration is dependent on functional BMP signalling ( Fig. 4 and Table 1 ). Removal of the distal half of the stage 52 hindlimb bud in wild type tadpoles results in regeneration of morphologically normal or near-normal limbs (n = 21, average number of toes regenerated = 4.71 ± 0.14, Fig. 4A and D). The same operation in heat shocked N1 tadpoles results in truncation of the limb at or just below the knee, with no regeneration observed in most cases (n = 29, average number of toes regenerated = 0.57 ± 0.17, Figs. 4C and D). Student's t-test showed that regeneration is significantly inhibited in heat shocked N1 limbs (t = 13.19, p > 0.01). Similar inhibition was seen in limbs operated at stage 53 and 54 ( Fig. 4D ) although wild type regeneration declines somewhat in these older limb buds. The development of limb buds in unoperated but single heat shocked tadpoles was normal. The contralateral limbs of cases receiving heat shocks for a week continued to grow but occasionally suffered digit fusions. The heat shock period was during the stage range 52-54, when the autopod is being sculpted.
Gene expression differs between regenerating wild type and heat shocked N1 limbs and tails
Msx transcription factors have been linked to regeneration in mammals, zebrafish, and amphibians Han et al., 2003; Koshiba et al., 1998; Murciano et al., 2002; Reginelli et al., 1995) . They are also known to be direct targets of BMP signalling (Suzuki et al., 1997) . We have previously reported expression of Msx1 in regenerating tails and limbs Christen and Slack, 1998 ). Here we show that this expression is absent in heat shocked N1 tails and limbs (Fig. 5 ). This confirms that the BMP signalling pathway is indeed inhibited by the induction of noggin.
The pattern of Msx1 expression is similar in normal developing and regenerating tails. During tail development, it is expressed in the dorsal roof domain of the expanding tail bud (Fig. 5A) . In wild type regenerating tails, Msx1 is re-expressed from 2-3 days following amputation in the dorsal part of the neural ampulla (Figs. 5C and D) . Expression is also seen in tail fin mesenchyme during development, and this is maintained in later tails, not being specifically associated with regeneration. Only this fin expression is seen in heat shocked N1 regenerating tails, suggesting that the regeneration-specific expression of Msx1 is normally triggered by BMP signalling (Figs. 5E-H) . One limb was amputated at the level of the future knee in anaesthetised tadpoles at stage 52/53. The other limb remained intact. N1 cases were heat shocked daily for 7 days, starting 3 h before amputation.
In limb development, Msx1 is strongly expressed in the distal mesenchyme of the limb bud (Christen and Slack, 1998) . In limb bud regeneration it is re-expressed from 2-3 days following amputation in the blastema, but is absent from the apical ectodermal cap (AEC) and epidermis (Figs. 5I and K). Heat shocked N1 tadpoles fail to re-activate this distal Msx1 expression, indicating that a functional blastema does not form in the absence of BMP signalling (Figs. 5 J and L). We also looked at the expression of FGF8 in regenerating limbs and tails. FGF8 is normally expressed in the apical ectodermal ridge of developing limbs and throughout the tailbud (Christen and Slack, 1997) . Expression in regenerating, wild type tails appears to be in the wound epidermis initially (Fig. 5M) , then later recapitulates developmental patterns with FGF8 being expressed in the blastema (Fig. 5N) . Regenerating limbs also express FGF8 appropriately in the apical epidermal cap (AEC) (Fig. 5O and (Christen and Slack, 1997). In heat shocked N1 transgenic limbs, however, FGF8 is absent after 3 days of regeneration, suggesting that the AEC fails to be established or maintained in the absence of BMP signalling (Fig. 5P) .
BMP signalling is required for blastema expansion
We took advantage of the N1 line in order to assess the ability of tails and limbs to regenerate when BMP signalling was inhibited at particular time points during the process of regeneration. Heat shocks, to induce high levels of noggin, were applied to tadpoles at different combinations of À3 h, +24 h, and +48 h relative to amputation of the limb or tail. The À3h time point was included with the idea of targeting the very earliest reactions to amputation, including wound responses and re-epithelialisation of the cut surface. The 24 and 48 hour time points were designed to target establishment and expansion of the regeneration bud. In both tails and limbs, the À3 h heat shock has little effect on regeneration ability (Fig. 6 and Tables 2 and 3). We therefore conclude that regeneration-competent epithelial closure does not require BMP signalling, or at least requires lower levels of signalling than the later events. This is supported by the histological results described above, showing the formation of an initial regeneration bud. A single noggin-inducing heat shock at +24 h was sufficient to inhibit regeneration in 47% of tails and 50% of limbs. If delayed to +48 hours, noggin induction inhibited regeneration in 66% of tails and 44% of limbs. In tails, combined heat shocks at both 24 and 48 hours gave similar inhibition The effectiveness of noggin induction was examined at 3 specific timepoints; 3 h before amputation to target the wound closure and epithelialisation phase (À3 h), 24 h after amputation (+24 h) and 48 h after amputation (+48 h) to target the regeneration bud forming phase. The results show that one heat shock at the regeneration bud forming phase is more effective in inhibiting regeneration than one at the wound closure stage.
(66%), whereas in limbs, the combined heat shocks had the biggest effect on inhibiting regeneration, with 85% failing to show any sign of regeneration. This suggests that in both organs the principal requirement for BMPs is some time after the initial events of wound closure. It is important to note the long term effects of the noggin induction. Once regeneration has been inhibited successfully it remains inhibited even in the absence of further heat shocks. On the other hand, inhibited tails re-amputated through the proximal region in the absence of heat shocks, will regenerate normally . This shows that the capacity to regenerate revives once the noggin is gone, but for some reason the inhibited tails are mostly permanently inhibited. We investigated this further by allowing regeneration to occur for 1 or 2 days before a series of 7 daily heat shocks. This showed that if 2 days regeneration is allowed before the heat shocks, the percentage of inhibited tails falls considerably (Table 4 ). This percentage is less than was seen in the series of Table 2 . We believe that this is variation due to the frog batch (NASCO rather than S. African). The regenerates that do occur following a series of heat shocks are partial ones as shown in Fig. 6C . We consider that the permanent inhibition is due to the covering of the stump by mature epidermis, as opposed to the wound epithelium, and that partial regenerates arise when this process is incomplete (see Discussion).
Ectopic expression of noggin in regenerating tail and limb reduces cell proliferation in specific tissues
Because the inhibitory effect of noggin is exerted relatively late, we looked at the effects on cell proliferation. We examined tail and limb tissues undergoing regeneration in the presence or absence of BMP signalling. Tails and limbs were amputated as before, but allowed to regenerate for 2 days before inducing noggin expression with a single heat shock. Wild type siblings were included in the experiment and treated the same as N1 animals to ensure that any effects were due to the transgene. Once noggin expression was induced, the animals were injected with BrdU to label dividing cells, then fixed after a certain length of time and sectioned for immunohistochemistry. Labelled dividing cells were counted in various tissues in representative sections through the tail regeneration bud and limb blastema, and averaged numbers were compared between heat shocked N1 and wild type animals (Fig. 7) . For tails, counts were made of notochord, spinal cord/neural ampulla, blastema mesenchyme, dorsal and ventral fin mesenchyme, and epidermis. In both spinal cord and notochord, significant reductions in the numbers of dividing cells were seen in the absence of BMP signalling (Figs. 7A, B and G) . Comparative cell death rates were also assessed using TUNEL staining (Figs. 7C and D) . Spinal cord, notochord, mesenchyme and epidermis were all counted but there was no significant difference for any tissue between heat shocked wild type and N1 regenerates with respect to cell death. Since the mitogenic effect of BMP signalling may be indirect, we examined expression of FGF8, FGF10 and various Wnts (1, 3a, 5a, 7a, 8) by RT-PCR in 3 day tails that had been allowed to regenerate for 2 days then given one heat shock. However no reduction of expression of any of these was seen in heat-shocked N1 compared with wild type cases.
For limbs, counts were made of dividing cells in the distal blastema region and the epidermis overlying it (the AEC), and significant reductions were seen in both tissues although the effect is stronger in the blastema (Figs. 7E, F  and H) . By contrast, cell division rates in the proximal Starting a 7 day period of noggin induction at day of amputation (day 0) is able to permanently inhibit tail regeneration, so is a 7 day period of elevated noggin levels just after the wound closure phase (day 1). However, if tails are left to regenerate without noggin for 2 days (day 2) before noggin is over expressed for 7 days, most tails are inhibited while noggin levels are high, but will recommence regeneration, albeit partially, after the heat shock period ends. The same protocol as for Table 2 , applied to limb bud regeneration.
stump region remained high even in the presence of noggin. Dividing cells were also rare in condensing cartilages, which are known normally to express noggin, as shown in Fig. 1 .
Discussion
BMP signalling is required for tail and limb regeneration
Anuran tadpoles are known to regenerate their tails and limbs following partial amputation. The quality of the limb regenerate, however, declines with age (Dent, 1962; Muneoka et al., 1986; Overton, 1963) , and has been shown to depend on the level of terminal differentiation at the site of amputation (Wolfe et al., 2000) . During both limb and tail development BMPs are necessary for proximodistal outgrowth. If the BMP signalling pathway is inhibited, either by secreted inhibitors like noggin, or by dominant negative components of the pathway, outgrowth is abolished (Beck and Slack, 1999; Pizette et al., 2001) . We have previously shown using founder transgenics that BMP signalling is also necessary and sufficient for tail regeneration . In the current study we look in more detail at the requirement for BMPs and the mechanisms involved during regeneration. We show that the stable transgenic line is a very useful resource to inhibit BMP signalling at different stages during the process of regeneration and that BMPs are required for outgrowth of both the tail regeneration bud and the limb blastema. The differential effect of BMP inhibition on the different tissues in the regenerating tail is marked, with proliferation of dividing cells at the cut end of the spinal cord and notochord being significantly reduced in the presence of noggin. In contrast, the surrounding tissues: mesenchyme, fin and epidermis, proliferate at the same rate as wild type regenerating controls. This suggests that the driving force behind tail tissue regeneration comes from the midline structures, spinal cord and notochord, which are also known to regenerate independently of the other tissues by a tissue renewal mechanism (Gargioli and Slack, 2004) . It has been long known that an adequate nerve supply is required for amphibian limb regeneration. In Xenopus, regeneration of early limb buds (up to stage 53) is nerve independent, whereas later stages require innervation to maintain the blastema (Filoni and Paglialunga, 1990) . Two recent studies of Xenopus forelimb blastema formation from the Ide lab Suzuki et al., 2005) demonstrated that it is the blastemal proliferation phase which is prevented by denervation, and that formation of the wound epithelium and an initial blastema occurs normally in the absence of nerves. So with regard to timing of processes affected the effects of denervation are similar to those of BMP inhibition, although this does not necessarily mean that BMPs themselves are nerve-derived.
Once tail regeneration has been inhibited successfully it usually remains inhibited even in the absence of further heat shocks. We believe this is because the permissive environment created by the wound epithelium is replaced by a non-permissive one as mature epidermis heals over the tip. In support of this we find that when N1 tails are allowed to regenerate for two days before the heat shocks commence, the inhibition is reduced drastically (Table 4) . Furthermore, permanent inhibition does not happen in all tadpoles following one or more heat shocks. In about a quarter of cases, regeneration is only temporarily inhibited, and resumes after the heat shocks are stopped, resulting in kinked tails which nevertheless contain neural tube, notochord and muscle (Fig. 6C) . We believe that these partial regenerates probably result from an incomplete healing of mature epidermis across the cut surface, so there is still a partial facet from which outgrowth can occur. A proportion of heat shocked N1 limb buds also go on to form partial regenerates after the heat shocks have finished, and these have fewer pattern elements than normal regenerates.
The regenerative ability of anuran limbs declines with developmental stage and this decline might arise from a lack of availability of BMPs. If so, supplementation with BMPs should enhance the ability of later limbs to regenerate. Recent work by others has indeed shown that Xenopus froglet forelimb hypomorphic spike formation can be stimulated by BMPs (Satoh et al., 2005) . These hypomorphic spikes consist of a solid core of cartilage, surrounded by skin, but have no muscle, bone, or joints. Implantation of BMP4-soaked beads into the regenerating spike resulted in the formation of segmented cartilage in around 50% of cases, although no branching was seen . Muneoka et al. (1986) have suggested that initiation of limb regeneration depends on the intrinsic properties of the wound site cells themselves, whereas the maintenance of this outgrowth, and subsequent repatterning, may depend on extrinsic factors, such as innervation, growth factors, and hormones. In support of this, Wolfe et al. (2000) found that limb bud blastema formation was maintained at later stages than regeneration of the missing tissues. Our results show that inhibition of BMP signalling significantly reduces the proliferation rate of blastemal cells but has no effect on the more proximal appendage cells, and are therefore consistent with BMP being one of these extrinsic factors.
Noggin may also block BMP-induced apoptosis
The morphological effects of noggin overexpression can be seen as early as one day after induction in the regenerating heat shocked N1 tails. The distal tail tip bends to one side and forms a pocket-like structure. However this pocket disappears once the noggin overexpression is stopped, which suggests that during the heat shock period cell proliferation and cell death in the axial tissues are in balance. Such a steady state is supported by our finding that the number of cells labeled with BrdU is about the same as cells labelled in TUNEL staining in the tail regeneration bud. In the experiments involving heat shocks over 7 days the small regeneration bud structures visible at 3 days remain a similar size at the end of the heat shock period. However, once noggin overexpression is stopped BMP signalling will restart and can have one of two different outcomes: either a resumption of proliferation driving formation of a partial regenerate, as seen in about a quarter of tadpoles or, a smoothening of the surface of the stump, as seen in the majority. In the case of the permanent inhibition we suggest that the resumed BMP signalling may be inducing apoptosis in the small initial bud to remove the surplus cells. In support of this mechanism it has been shown that BMPs play an important role in shaping organs and structures by inducing apoptosis during development while noggin usually appears in neighbouring areas preventing cell death. Two papers by Merino et al. show that during development of the tetrapod limb, it is interactions between regions of BMP expression and that of reciprocal noggin expression that sculpts the autopod by apoptosis (Merino et al., 1998 (Merino et al., , 1999 . In eye lid development overexpression of noggin prevents BMP-induced apoptosis and hence eyelid opening in the mouse (Sharov et al., 2003) . Also in mouse genitalia development is has been shown that BMPs induce apoptosis while noggin prevents it (Suzuki et al., 2003) . Furthermore, the Ide lab has shown that there is increased cell death four days after denervation in the Xenopus limb bud blastema, compared to wildtype blastemas, demonstrating that an initial blastema will die if it is unable to grow and proceed with regeneration . The two alternative roles of BMP, stimulation of cell division and of cell death, may be associated with the type of epidermis present. It is quite probable that the mitogenic effect of BMP is indirect, and requires the wound epidermis lacking a basement membrane to cooperate in producing an actual mitogenic factor. By contrast mature epidermis covering the wound will probably prevent regeneration regardless of BMP signalling, but the local cell death effect may result from the environment that it provides.
3.3. A common mechanism for regeneration in anurans and mammals?
Our previous work has shown that a molecular pathway involving BMP and Msx1 is sufficient and necessary for tail regeneration in the anuran Xenopus laevis . Using activated versions of Msx1 or the receptor BMP-R1, we showed that tail regeneration can be rescued during the refractory phase which is shown by some populations of tadpoles at NF stage 46/47. In the present study, we show that limb regeneration also depends on BMP signalling and that inhibition of regeneration with noggin prevents Msx1 from being re-expressed in the stump tissues, suggesting that the same pathway drives regeneration in both limbs and tails in anurans. Msx1 is a transcriptional repressor, which, among other roles, interacts with companion factors to inhibit differentiation-specific gene expression in several cell types including myoblasts (Lee et al., 2004 (Lee et al., , 2006 and chondrocytes (Hu et al., 2001) . It is a direct target of both BMP and retinoic acid signalling (Shen et al., 1994; Suzuki et al., 1997) , and expression in limb development is regulated by the AER (Davidson et al., 1991) , which expresses BMPs (Pizette et al., 2001 ). Msx1 has also been shown to induce cultured mammalian and urodele myotubes to dedifferentiate and to begin proliferating (Kumar et al., 2004; Odelberg et al., 2000) , although this process does not appear to occur in mammalian or anuran muscle regeneration in vivo.
In mammals, Msx1 expression correlates with digit tip regeneration in wild type mice (Reginelli et al., 1995) and with ear punch healing in the MRL (healer) mouse (Heber-Katz, 1999) . Msx1 mutant mice develop normal limbs (Satokata and Maas, 1994) but are defective in digit tip regeneration (Han et al., 2003) . Moreover, it is possible to rescue this defect by treating amputated digit tips with purified BMP-4 (Han et al., 2003) . This suggests that the molecular pathway involving BMP4 and its target Msx1 is essential for mammalian digit tip regeneration. Although there is no tail regeneration in mammals, this similarity of molecular pathways shows that the Xenopus tadpole limbs and tails do in fact represent a valuable model for studying regeneration whose significance is not confined to the anuran amphibians alone.
Experimental procedures
Production of transgenic lines
Construction of the inducible noggin transgene HGEM-noggin has been previously described . The transgene consists of two linked parts, the first comprising the X. laevis noggin coding sequence (Accession number: M98807 (Smith and Harland, 1992) ) under the control of the hsp70 promoter and the second the reporter green fluorescent protein GFP coding sequence under the control of the c-crystallin promoter. Both ends of the transgene are flanked with Not I sites, allowing the transgene to be excised.
Transgenic tadpoles were made by sperm nuclear injection according to the method of Kroll and Amaya (1996) , with modifications as in Beck et al. (2003) . Transgenic animals were identified by virtue of GFP expression in the lens of the eye and reared at 18°C in standing water until feeding was well established, then transferred to a recirculating aquarium at 25°C. Adult males were identified from 5 months and could be used for breeding thereafter, by in vitro fertilisation, with females taking a minimum of 9 months to reach maturity.
Two founder animals (F 0 ) were used to generate stable lines carrying the HGEM-Noggin transgene, termed N1 and N2. Line N1 was used in this study although N2 produces similar results. Subsequent generations were produced by outbreeding of transgenic animals against wild type partners to produce 50% heterozygotes. The transgene was inherited in the expected Mendelian way from both male and female parents. In the main, F 2 animals were used, although F 3 animals have been produced and show no decline in transgene activity.
Tail and limb transections
To avoid any detrimental effects of possible slight transgene expression leakage at early developmental stages, embryos were kept at 18°C until feeding was established (NF Stage 48). Following this they were transferred to a recirculating aquarium at 25°C and fed ad libitum until the required stage. Transgenic (N1) or wild type (WT) tadpoles were anaesthetised in 1/4000 MS222 (tricaine methane sulphonate) in 0.1 · MMR and transferred to moistened paper towels. For tail amputation, the posterior 50% of the tail was removed from stage 49-50 tadpoles using iridectomy scissors (John Weiss, Vannas). For limbs, tadpoles were placed on their sides and one limb was amputated at the level of the future knee at stage 52/53. The other limb remained intact. Following amputation tadpoles were returned to 0.1 · MMR with brief aeration to aid recovery, and, following healing, were returned to recirculating aquaria and fed according to the normal schedule.
Transgene activation
The inducible hsp70 promoter was activated by placing the animals in warmed beakers containing 100 ml aquarium water at 34°C immersed in a water bath at the same temperature for 30 min (heat shock). To obtain a high continuous noggin expression, a heat shock was given each day, starting 3 h (À3 h) before amputation. Wild type controls were also subjected to the same heat shocks.
RT-PCR
For total RNA isolation 5 whole tails were collected at appropriate time points, homogenized in 1 ml of TRIZOL (Invitrogen) and twice chloroform extracted according to the manufacturer's protocol. The supernatant was transferred and RNA was precipitated with the same volume of 2-propanol at À20°C for 30 min before being centri-fuged at 14krpm for 20 min at 4°C. The pellet was dissolved in RNase free water, DNase I treated, and LiCl precipitated at À20°C overnight. The tube was then centrifuged at full speed at À20°C for 20 min, the pellet was dissolved in 30 ll of RNase free water and the RNA concentration was measured.
First strand synthesis was done using SuperScript II reverse transcriptase (Invitrogen) following the manufacturer's protocol. One micrograms of total RNA was used in each reaction and oligo (dT) primers (Invitrogen) for extension. For the PCR reaction 1 ll of RT reaction and 0.75 ll of each gene specific upstream and downstream primer was assembled in a 0.2 ml microcentrifuge tube before 22.5 ll of Ready mix PCR master mix (ABgene) was added to each tube. PCR conditions were 95°25 sec; 52°50 sec; 72°2 min. The following primers were used: noggin (26 cycles) upstream: CCA GAC CTT CTG TCC TGT, downstream: GCA TGA GCA TTT GCA CTC; EF-1a (26 cycles) upstream: CAG ATT GGT GCT GGA TAT GC, downstream: ACT GCC TTG ATG ACT CCT AG.
In situ hybridization
The probes for Msx1, BMP2 and FGF8 have been described previously Christen and Slack, 1997) . A noggin probe was made by excising the noggin coding region from noggin-CSKA (Smith and Harland, 1992) with ClaI and SmaI and ligating into the same sites in pBS II SK+. The resulting noggin pBSII SK+ plasmid was linearised with XhoI and transcribed with T7 polymerase to make antisense probe. In situ hybridization was carried out using the method described in Pownall et al. (1996) .
BrdU labelling
Tails (stage 49-50) or limbs (stage 52-53) of wild type and N1 tadpoles were amputated and allowed to regenerate for 2 days before induction of the transgene by heat shock. After 3 hours (limbs) or 21 hours (tails), tadpoles were anesthetized and 2 ll of the thymine analogue 5 0 -Bromo-2 0 -deoxyuridine (BrdU) was injected intraperitoneally. For tails, a 1/10 dilution of BrdU from the Amersham cell proliferation kit was used for injection. After 3 hours tadpoles were fixed in Zamboni's fixative (40 mM Na 2 HPO 4 , 120mM NaH 2 PO 4 , 2% paraformaldehyde and 0.1% picric acid) for 4 hours at 4°C before dehydration. For limbs, BrdU was used undiluted from the Roche cell proliferation kit and tissue was fixed 20 hours later in 70% EtOH/Glycine pH 2.0 at À20°C for 24 hours and then placed in MeOH. Tails and limbs were embedded in paraffin blocks, and 5 ll sections cut. For tails, slides were incubated in 2N HCl for 2 minutes at 55°C (antigen retrieval) and stained for BrdU using the Amersham kit, dividing nuclei are stained with fast red (Sigma) and nuclei with Haematoxylin (blue). For limbs the Roche kit was used and the S-phase nuclei appear very dark blue, so counterstaining was done with nuclear fast red (pink). The differences in procedures for tails and limbs are not fundamental but simply reflect the fact that the work was done in different labs.
TUNEL staining
Cell death was assayed in tails by TUNEL labelling following the manufacturer's protocol (Roche 'In situ Cell Death Detection Kit, AP'). Briefly, alternating sections from BrdU experiment were used for TUNEL staining. Sections were dewaxed and rehydrated as normal and washed in PBS. For permeabilisation they were incubated in 10 mM Tris/HCL pH 7.4-8 for 15 min at RT. Sections were then rinsed twice in PBS before incubated in labelling solution for 1 h at 37°C in a humidified chamber in the dark. Sections were washed 3· in PBS before 50 ll of alkaline phosphatase conjugated antibody solution was added and sections were covered with cover slips and incubated for 30 min at 37°C. After washing 3· in PBS they were equilibrated in alkaline phosphate buffer pH 9.5 and then developed with Fast Red tablets (Sigma). Sections were counter stained with Mayer's haematoxylin for 3 min.
